978-1-4673-2030-6/12/$3l.00 ©20 12 IEEE 3701 diagnostic problems in cardiac and cancer imaging. For example, studies on twnor hypoxia could be effectively performed using simultaneous injections of F-FDG and Cu PTSM radiotracers [4] [5] [6] [7] . However, the practical implementation of DIPET with co injected radiotracers is difficult because positron decay of any isotope always results in emission of 511 keY photons. One solution to this problem would be to combine PET with SPECT dual-isotope imaging, as the energies of emitted gammas would be different [8, 9] . However, the disadvantage of this approach is the need for mechanical collimation which dramatically reduces the sensitivity and causes septal penetration. Another possibility for DIPET could be a technique of sequential (independent) injections, where the second radiotracer is injected after the time period equal to several half-lives of the fust one, so that the cross-talk between two activities is negligible. However, this technique could only be practical for isotopes with very short half-life « 5 min), otherwise the wait times would be very long. Moreover, when the imaging process is not simultaneous it causes additional inconvenience for the patient, the images would not be perfectly aligned and the physiological state may change between the scans.
Simultaneously performed DIPET imaging technique would shorten the duration of the study, reduce patient discomfort and produce perfectly co-registered images. Recently, we have proposed a DIPET technique [10, 11] that uses a combination of two positron emitters: radiotracer A which is a "pure" positron emitter (such as lS F or " C) and radiotracer B in which positron decay is followed by the emission of a high-energy (HE) prompt gamma (such as 3S K or 60 Cu). The detection of this HE gamma in coincidence with the corresponding two 511 ke V photons allows us to identify the line-of-responses (LORs) that originate from isotope B. The basic feasibility of this technique was established in [12] , using a simple setup modeling a PET camera that would able to measure triple coincidences in addition to the standard dual coincidences.
Depending on the selection of the PET camera, positron gamma emitter and object that is being imaged, our estimates from Monte-Carlo simulations show that approximately 5 to 15% of all events can be detected as triple coincidences. Reconstruction of these LORs provides an approximate estimate of the radiotracer B distribution and helps us to separate two intertwined distributions. The challenge is how to combine a large number of dual-coincidence LORs (detected without triple coincidences, thus originating from any radiotracer) with the LORs that were detected as triple coincidences. Recently, we have proposed an algorithm for such image reconstruction that is based on the Expectation Maximization (EM) principle [13] .
However, our DIPET technique combines high-statistics data (regular LaRs from radiotracers A and B), with low statistics (triple coincidences from radiotracer B) to create separate images of radiotracers A and B. This unbalanced problem may potentially lead to increased noise, bias, and incorrect quantitation of the resulting images. Methods were proposed that may increase the sensitivity of our DIPET technique to the high-energy gammas by attaching an additional large side detector, aimed at the detection of high energy gammas, however, that also implies significant hardware modifications [14] .
The main hypothesis of this study is that the quality of both images could be improved if an additional independent estimate of pure positron emitter (radiotracer A) distribution is available. One way to achieve this is by combining our DIPET method that employs positron-gamma emitters with the DIPET method that uses staggered injections method [15] [16] [17] .
Although the method of staggered injections was developed to allow for dual-isotope imaging of pairs of pure positron emitters (,sF, 150, llC, etc), we believe that it can be naturally combined with our method. In this manuscript, we expand the previously proposed EM-based algorithm to the reconstruction of such data and evaluate the performance of a DIPET technique that combines positron-gamma and staggered injection approaches.
A
Aand B time Fig. 1 . A protocol for staggered DIPET acquisition using radioisotope A (pure p+emitter) and radioisotope B (that emits p+ and prompt gammas). Note, that no data should be collected immediately fo llowing the injection, as the radiotracer activity needs some time to stabilize.
II. METHODS
When using a combined approach, initially, only the radiotracer A is injected (pure p+ emitter). After its distribution stabilizes, a short acquisition is performed (phase "A" in 
Here, aki is the system matrix, index i is spanning over the image vector and index k is spanning over the data vector, rand r are the vectors indicating activity of radiotracer A and B, respectively. Poisson likelihood [18] for the described relationships can be written in the following way:
Applying logarithm, taking partial derivatives and merging all correction factors into normalization c i leads to a pair of the update equations for r and f B corresponding to both activity distributions:
If T = 0, g A' = 0 (empty dataset), then the above equations transform into the previously presented equations for DIPET with prompt gamma, but without staggered injections [13] . On the other hand, if P = 0, g B' = 0, then the above set changes into the equations for DIPET with staggered injections (in this case both radiotracers can be pure positron emitters), Note, that the discussed above equations were derived for the case where the radiotracer activity distributions are static. Extension of this model to study radiotracers' dynamics (by acquiring data in multiple time-frames and establishing relationships between frames) will be performed in the future, III. EXPERIMENTS GATE 5.0.0 [19] was used to simulate dual isotope acquisition using a PET camera similar to the Siemens Biograph TrueV. The camera ring had diameter of 83 cm with 21.4 axial field of view, and was composed of 2 cm thick LSO block detectors, The detection of annihilation photons and high energy gammas was done by the same detectors. Two energy windows were employed: 420-600 keY for annihilation gammas and >600 keY for high-energy gammas. The timing resolution of the PET camera was equal to 0.5 ns and the time coincidence window for dual and triple coincidences was equal to 4.5 ns. Acquisition of two phantoms was simulated. In the first experiment we simulated a water filled cylindrical phantom containing six small spheres with activity: three spheres filled with radiotracer A = 18 F and another three filled with radiotracer B = 60 Cu (Fig. 2a) . In the second experiment, we simulated a more "difficult" combination of non-overlapping, partially overlapping and fully overlapping sources of 18 F and 60 CU (Fig. 2b) . For both radiotracers, the full physics of positrons and gammas interactions, including scatter and attenuation was modeled, but no physical and biological decays, and no kinetic processes were simulated (static acquisitions).
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The parameters T and p were considered to be spatially invariant (same for all voxels). The following cases were tested for the first phantom with six spheres (Table I) Dataset 1 was used as a benchmark in our analysis.
Similar, but higher-statistics data with 5 million total counts were employed for the second phantom containing overlapping sources (Table II) . Table II . The images were reconstructed using OSEM based on the derived formulae with 8 subsets and 20 iterations with attenuation correction. 128x128x128 image dimension with 3.9 mm voxel size was employed. A post-reconstruction Gaussian filter with 2 pixels FWHM was applied.
To make the task of assessment of image quality more quantitative, we also calculated residual errors (REs) for regions of interests (ROI) set on the areas where the traces of the other (contaminating) radioisotope were expected to be found. For the six-spheres phantom (Fig. 2a) the residual errors were defined as a sum of activity in the ROI that corresponded to the three spherical regions where the other radiotracer was located, divided to the total activity of the other radiotracer that can be found in the benchmark image. Small residual error means that there is little crosstalk between radiotracers and directly measures the accuracy our reconstruction method. Analogous analysis was performed for the other phantom. For obvious reasons the regions with the mixture of activity were not considered. (Fig 2a) : benchmark data (#1), using staggered injections only (#2), using prompt gamma only (#3) and using staggered and prompt gamma combined (#4). "RE " indicates residual error summed over the three ROls corresponding to the location of the other radiotracer normalized to the total activity (the smaller is the value of RE, the more accurate is the method). Arrows indicate the locations where the residual activity from other isotope is the most pronounced. Images are 128x128x128 with 3.9 mm voxels. (Fig. 2b) : benchmark data (#1), using staggered injections only (#2), using prompt gamma only (#3) and using staggered and prompt gamma combined (#4). "RE " indicates residual error summed over the three ROTs corresponding to the location of other radiotracer normalized to the total activity fr om that radiotracer (the smaller is the value of RE, the more accurate is the method). Arrows indicate the locations where the activity artifacts from other isotope are pronounced. Images are 128xl28xl28 with 3.9 mm voxels.
IV. RESULTS AND DISCUSSIONS
To investigate the accuracy of separation of the two intertwined activities A and B we compared images obtained from simulation experiments #2-4 to the benchmark reconstruction # 1.
The images presented in Fig. 3 show the reconstructed images for the six-spheres phantom (Fig. 2a) . The fIrst column shows the benchmark reconstruction from ideally separated LORs (modeling independent acquisitions). Note, that the REs are not equal to zero, most likely due to the random coincidences and scatter. The second column shows the images reconstructed using our DIPET method where only staggered injections method was used. In this case, the RE for the image of radiotracer A distribution is less than the RE for the radiotracer B distribution. This can be explained by the fact that we have more information about the radiotracer A distribution, therefore it is better defIned in the reconstruction is empty). The third column presents the reconstructed images for the case where the radiotracers where injected at the same time (non-staggered injections), but the triple coincidence data where acquired. This changes the situation compared to previous case and now the RE for the radiotracer B image is smaller than the RE for the radiotracer A (since B's distribution is now better defIned by the data g B' ). The last column shows the reconstructions of A and B when both staggered Injections and prompt-gamma information were jointly used in data acquisition. Both, image quality and RE values prove that this case presents the best separation of two activities, and is very close to the benchmark reconstructions.
In the Fig. 4 we show similar results as described in the previous paragraph, but for the overlapping phantom (Fig. 2b) . The reconstructions demonstrate comparable behavior, again the best results are achieved when the combination of staggered injections and prompt gamma methods is employed. The values of REs are a little higher compared to the six sphere phantom, simply because our ROIs were very close to the other radiotracer location, therefore, there was inevitable contamination due to imperfect image spatial resolution and positron range.
Finally, Fig. 5 shows the convergence of the DIPET algorithm versus iteration number for the single case of six sphere phantom where both staggered injection and prompt gamma data were available. We show the results of the 1 S\ 2 nd , 5 th and 10 th iterations of OSEM DIPET reconstruction with 8 subsets. It is interesting that the early iterations show significant crosstalk between two radiotracers (large RE values), which later gradually fade away.
V. CONCLUSIONS
In this manuscript we propose a new technique which combines our previously proposed DIPET method (which employs high-energy positron gamma emitters) with another technique for DIPET that uses staggered injections. We also derive the generalized DIPET EM method that can be used for reconstruction of the data that were acquired using each of the methods separately or the combination of both.
We demonstrate that proposed EM algorithm can be used for reconstructions from staggered acquisitions or from acquisitions that use radiotracers emitting �+ and prompt gammas only. It is evident however, that there are noticeable REs when only staggered injection (RE for radiotracer B) or only prompt gamma (RE for radiotracer A) information is used in the reconstruction. However, combining staggered and prompt-gamma information reduces both REs so they reach almost the benchmark level.
In the future, we plan to extend this method to the reconstruction of dynamic DIPET data. Inclusion of kinetic parameters in the reconstruction, linking data from the different time frames will be necessary. Fig. 5 . These images illustrate how the image reconstruction using the derived EM algorithm for DIPET progresses with the number of iterations. The crosstalk between two radiotracers gradually decreases and disappears almost entirely by the 10'h iteration. Central transaxial slices are displayed showing the images of radiotracers A (first row) and B (second row) reconstructed from six-sphere phantom (Fig. 2a) and using staggered and prompt gamma methods combined (#4). Images are 128xl28xI28 with 3.9 mm voxels.
